Using a first-principles band-structure method and a special quasirandom structure (SQS) approach, we systematically calculate the band gap bowing parameters and p-type doping properties of (Zn, Mg, Be)O related random ternary and quaternary alloys. We show that the bowing parameters for ZnBeO and MgBeO alloys are large and dependent on composition. This is due to the size difference and chemical mismatch between Be and Zn(Mg) atoms. We also demonstrate that adding a small amount of Be into MgO reduces the band gap indicating that the bowing parameter is larger than the band-gap difference. We select an ideal N atom with lower p atomic energy level as dopant to perform p-type doping of ZnBeO and ZnMgBeO alloys. For N doped in ZnBeO alloy, we show that the acceptor transition energies become shallower as the number of the nearest neighbor Be atoms increases. This is thought to be because of the reduction of p-d repulsion. The NO acceptor transition energies are deep in the ZnMgBeO quaternary alloy lattice-matched to GaN substrate due to the lower valence band maximum. These decrease slightly as there are more nearest neighbor Mg atoms surrounding the N dopant. The important natural valence band alignment between ZnO, MgO, BeO, ZnBeO, and ZnMgBeO quaternary alloy is also investigated.
I. INTRODUCTION
Wide band-gap II-VI semiconductors ZnO, MgO, and BeO have been extensively investigated because of their great potential applications in the spintronic and optoelectronic devices [1, 2, 3] . Recently ZnBeO alloy has been proposed as another wide-band gap oxide, and its band gap can be efficiently engineered to vary from the ZnO band gap (3.4 eV) to that of BeO (10.6 eV) [4] . Furthermore, ZnO based UV light emitting diodes (LEDs) with an active layer region composed of ZnO/ZnBeO quantum wells also have been fabricated [5, 6] . Practically alloying is a good approach to perform band-gap engineering to extend the available band gap, and the band gap E g of the alloy A x B 1−x C can be described as E g (x) = xE g (AC) + (1 − x)E g (BC) − bx(1 − x), (1) where b is called the band-gap (optical) bowing parameter, and E g (AC) and E g (BC) are the band gap of the binary constituents AC and BC, respectively. For most semiconductor alloys, the bowing parameter b is almost independent of composition x [7] . However, the bowing parameters b of Ga 1−x N x As and Zn 1−x Te x O alloys are strongly composition dependent, indicating that theses alloys contain some elements with large differences between the size and atomic orbital energies. These alloys have attracted a great deal of attention [8, 9] . It is of great * Electronic address: hlshi@semi.ac.cn interest therefore to investigate how the bowing parameters b and the band gaps of ZnBeO, MgBeO, and ZnMgO to vary since the large differences between Zn (Mg) and Be atoms also exist in these alloys.
It is well known that the p-type doping bottleneck poses a challenge for the full utilization of the wide bandgap oxides mentioned above. Due to the low valence band maximum (VBM), the transition energies of acceptor defects are always deep and the acceptors are hard to ionize at normal operating temperature. Great efforts have been made to overcome the p-type difficulty, for example, through the codoping approach, complex defect, and impurity band [10, 11, 12] . Li et al. also proposed that replacing Zn with isovalent Mg or Be surrounding with N acceptor defects may act to lower the acceptor transition energy through reducing the kinetic p-d repulsion [11] . In the ZnBeO alloy, it is easy to form N O +nBe Zn complexes; thus the transition energy is expected to be shallower when the N O defect is surrounded by more Be neighboring atoms. Therefore it is also interesting to systematically study the transition energy of the N O defect in the ZnBeO alloy.
In this work we systematically investigate ZnBeO, ZnMgO, and MgBeO alloys, in order to understand their band structure properties. We hope to show that the bowing parameters are large and dependent on composition for Mg 1−x Be x O and Zn 1−x Be x O alloys, and much larger even in the Be-rich region. However, the bowing parameter b is small for the Zn 1−x Mg x O alloy. We also suggest that introducing a small amount of Be into MgO will reduce the band gap. We note that these phenomena can be explained by the size and atomic orbital energies differences between the constituents and isovalent defect levels in these systems. Furthermore, we also show that N is a good p-type dopant in the Zn 0.75 Be 0.25 O alloy which may be a good p-type doping material. However, the transition energies of N O in the Zn 0.6875 Mg 0.25 Be 0.0625 O quaternary alloy lattice-matched to GaN are deep due to the lower VBM according to our band offsets calculations.
II. CALCULATIONAL DETAILS AND METHODS
Our first-principles band-structure and total energies calculations are performed using the density functional theory (DFT) within the local-density approximation [13] (LDA) as implemented in the Vienna ab initio simulation package (vasp) code [14] . The electron and core interactions are included using the frozen-core projected augmented wave approach [15] . The Zn 3d electrons are explicitly treated as valence electrons. The whole electron wave function is expanded in plane waves up to a cutoff energy of 400 eV. All the geometries are optimised by minimising the quantum mechanical forces acting on the atoms. For the Brillouin zone integration, we use the k points that are equivalent to the 4×4×4 MonkhorstPack special k -point meshes [16] in the zinc-blende (ZB) Brillouin zone.
In order to calculate the band structure parameters of A x B 1−x C alloys, we adopted the more efficient special quasirandom structure (SQS) approach [17, 18] . In this approach, we use a smaller unit cell to model the random alloys, where mixed-atom sites are occupied based on the physically most relevant structure correction functions which are closest to the exact values of an random alloy. In our calculation, we use the 2a×2a×2a 64 atoms SQS at x = 0.0625, 0.25, 0.50, 0.75 and 0.9375 for the Mg 1−x Be x O, Zn 1−x Be x O and Zn 1−x Mg x O ternary alloys.
III. RESULTS

A. Related binary, ternary and quaternary alloys
In order to investigate the electronic and structure properties of the random alloys, it is essential to calculate the lattice constants and band gap parameters of related ZnO, MgO, and BeO binary alloys. Wei et al. concluded that the band structures of the ZB and WZ phases for ZnO (GaN) are very similar near the band edge at Γ point through systematically investigating the relationships between the band gaps of ZB and WZ phase of semiconductors [19] . All our calculations are performed for cubic zinc-blende(ZB) alloys and our results are also applicable for the ground-state WZ alloys similar to other' studies [20] . Table I shows our calculated equilibrium lattice constant a, bulk modulus B, and band gaps at Γ point for zinc-blende structure ZnO, MgO, BeO. We also list the corresponding experimental values of bulk modulus B and band gaps (in brackets) for their ground-state structure. Our calculated lattice parameters for a ZnO , a MgO , and a BeO are 4.506, 4.517, and 3.766Å, respectively, which are in good agreement with the experimental and theoretical values 4.47, 4.524, and 3.768Å.
Conventionally, the lattice constant of Zn 1−x Be x O alloy is described by the Vegard law [23] , that is
Note that the lattice mismatch between ZnO (MgO) and BeO is 19.6% (19.9%). Consequently, the ZnBeO and MgBeO alloys are highly strained and the lattice constants may deviate from the Vegard law. First, we calculate the lattice constant by the Vegard law, then fit the Murnaghan equation of state [24] at various lattice constants around it. Figure 1 band gap, our values are smaller than the experimental values [7] of 3.4, 7.67, 10.585 eV for their ground-state phase, respectively. However, the error of bowing parameter b is small in Eq. 1 because the systematic band gap error cancels out in deriving the bowing parameters through comparing chemically identical systems in two different forms (AX and BX) [25] . This has been confirmed by numerous studies [9, 25] . Table II presents ergy difference.
(ii) The bowing parameters are composition and large at Be-rich region for ZnBeO and MgBeO alloys. Taking ZnBeO as an example, the bowing parameter b is 4.8215 eV in the Zn-rich region, whereas in the Be-rich region the b is 23.9648 eV. This is because the size and chemical differences between Zn and Be are large. Incorporation of a small amount of Zn into BeO at substitutional sites creates a deep isovalent defect level inside the band gap. Our direct calculations show that the position of the isovalent defect level is at 0.66 eV below the conduction band minimum (CBM). Furthermore the VBM is pushed up due to the p-d repulsion introduced by Zn 3d orbital. This leads to a large band-gap reduction and a large bowing parameter in the Be-rich region. However, upon adding a small amount of Be into ZnO, the VBM will shift downwards by a small amount due to the reduction in p-d repulsion. In this case the band gap increases a little and the bowing parameter is small.
(iii) Using the bowing parameters and experimental band gaps, we calculate the band gaps of ZnBeO, MgBeO, and MgBeO alloys at different concentrations. The results are summarized in Figure 2 . We notice that although the band gap of BeO is larger than that of MgO, incorporation of a small amount of Be into the MgO matrix will lead to a reduction in the band gap, indicating that the bowing parameter is larger than the band-gap difference. For Mg 0.75 Be 0.25 O, the bowing parameter b (5.2883 eV) is larger that the band gap difference (2.915 eV).
C. The formation energies and transition energy levels of N in ZnBeO and ZnMgBeO quaternary alloys P -type doping of ZnO is difficult due to the low VBM resulting from the largely electronegative characteristic of oxygen. In order to lower the acceptor ionization energy extensive studies have been performed. Park et al. [10] showed that N is the best p-type dopant source among the group-I and V elements. Li et al. [11] also showed that replacing Zn with Mg or Be surrounding the N O substitutional defect can decrease the acceptor transition level. In the ZnBeO ternary alloy, it is easy to form N O +nBe Zn complexes; thus we expect the acceptor transition level becomes shallower when the N O is surrounded by more Be atoms. In the following study, we choose the Zn 0.75 Be 0. 25 O alloy approximately as the experimental investigations do [5] , and we also choose the N as dopant due to its low valence p-orbital energy.
The ionization energy of an accepter (q<0) with respect to the VBM in the impurity limit is calculated by the following procedure, further described in Refs. 26 and 27,
where E(α, q) and E(α, 0) are the total energies of the supercell at charge state q and neutral, respectively, for defect α, ǫ k D (0) and ǫ Γ D (0) are the defect levels at the special k points (averaged) and at the Γ point, respectively, and ǫ Γ VBM (host) is the VBM energy of the host supercell at the Γ point and is aligned using core electron levels away from the defect. The first term on the right-hand side of Eq. (5) determines the U energy parameter (including both the Coulomb contribution and atomic relaxation contribution) of the charged defects calculated at the special k points, which is the extra cost of energy after moving (-q) charge from the VBM of the host to the neutral defect level. The second term gives the single-electron defect level at the Γ point. For charged defects, a uniform background charge is added to retain the global charge neutrality of the periodic unit-cell.
The defect formation energy of a neutral defect is defined as
where E(host) is the total energy of the host supercell without defect α; µ O and µ α are the chemical potentials of constituents O and α (N) relative to the element gas energy. The n O (n O >0) and n α (n α <0) are the numbers of O and extrinsic defects α (N). We calculate the chemical potentials for O(µ O ) and N(µ N ), relative to gaseous O 2 and N 2 . (ii) For N O in ZnO, our calculated N O ǫ(0/-) acceptor level is at 0.362 eV above the VBM, which agrees well with previous first-principles calculations [10, 11] . For the case of the Zn 0.75 Be 0.25 O alloy, we note that the position of N O ǫ(0/-) acceptor level is dependent on the site of the defect. It decreases as the number of N nearest neighbouring atoms increases, from 0.533 eV when N has no nearest neighboring (0NN) Be atoms to 0.233 eV when there are 2 NN Be atoms. This is thought to be because the acceptor level is lowered by the reduction in the p-d repulsion. A more detailed explanation is presented. For ZnO, the VBM state consists mostly of p O , p Zn , and d Zn orbitals. For an N O acceptor in ZnO, the defect level mainly consists of N impurity valence p orbitals, and the acceptor level is pushed up by the p-d (p N -d Zn ) repulsion introduced by the same symmetry. However, for Be, it has no occupied 2p and 3d orbitals. If Zn is substituted by Be, the p-d (p N -d Zn ) repulsion will decreases and the N O acceptor transition level becomes shallow. We also note that the p-p repulsion can push the acceptor level further down, although it is weaker compared with p-d repulsion because the p-p (p-d ) repulsion is inversely proportional to the energy difference between the p N and p Be (p N and d Zn ) valence orbitals [28] . Similarly, in the Zn 0.75 Be 0.25 O alloy, from 0NN to 2NN, the p Nd Zn repulsion decreases and the p-p (p N -p Be ) repulsion increases; thus, the N O acceptor level becomes increasingly shallower. In 0NN, the N O acceptor level in the Zn 0.75 Be 0.25 O alloy is deeper than that in ZnO due to the lower VBM (see below).
(iii) According to Eq. 4, we see that the chemical potentials have large effect on the defect formation energy. Practically, the chemical potentials can vary in a range because of some thermodynamic limits [29] . The high defect formation energy leads to a low dopant solubility, which may be overcome by non-equilibrium growth methods [29] . If the formation energy of N O in Zn 0.75 Be 0.25 O alloy is reduced so that it is smaller than that in ZnO by controlling the chemical potentials of N and O during the growth process, there are more N atoms residing in the 1NN and 2NN sites with low acceptor transition levels. Based on this, we predict that ZnBeO alloy may be a better p-type doping material than ZnO.
We have also investigated the electronic structures and p-type doping properties of the ZnMgBeO quaternary alloy lattice-matched to GaN substrate. For quaternary alloys, the band gap and lattice constant can be individually tuned. For Zn 1−x−y Mg y Be x O alloy, the lattice constant can be described by [30] , respectively, thus the lattices match well. The band gap of the Zn 1−x−y Mg y Be x O quaternary alloys is a function of compositions x and y and can be described by a second order expansion in x and y [31] ,
In order to get b xy approximately, we use the SQS at (x,y)=(0.0,0.5),(0.5,0.0), and (0.5,0.5). Table IV denotes that there are n Mg atoms in the tetrahedral nearest neighbor (NN) sites centered around the N atom. The 0NN1Be denotes that N atom has one Be atom and without Mg atoms in the NN sites. From 0NN to 3NN, the ǫ(0/-) decreases slightly less than that of the Zn 0.75 Be 0.25 O alloy. This is because the p Mg orbital energy level is higher than that of p Be [28] , thus the p-p repulsion pushing down the acceptor level is weaker in the quaternary alloy. The ǫ(0/-) is smaller in 0NN1Be than that in 0NN, which is also consistent with our findings for N O in the Zn 0.75 Be 0.25 O alloy. We note that the N O ǫ(0/-) transition energy level is deeper than that in ZnO because of the large downward shift of the VBM according to our band alignment calculation (see below). The CMB of Zn 22 Mg 8 Be 2 O 32 alloy is as low as that of ZnO, indicating that it is also can be n-type doped easily. 
IV. THE NATURAL VALENCE BAND ALIGNMENT
Band offset is an important parameter in the heterostructures. We shall describe how we investigated the natural band alignment by adopting the approach proposed by Wei [32] . This method is also widely used in photoemission core level spectroscopy [33] . According to Wei's method [32] , the band offset is given by
Here, The natural conduction band minimum (CBM) alignment is calculated by ∆E c (AX/BY ) = ∆E v (AX/BY ) + ∆E g (AX/BY ), (10) where ∆E g (AX/BY ) is the experimental band gap difference between the AX and BY alloys.
Our calculated natural band alignment is shown in Fig. 3 . For the VBM alignment, the VBM of ZnO is higher than that of MgO and BeO. This is because the p-d (p O − d Zn ) repulsion pushes up the VBM, whereas Mg and Be have no active d electrons. According to the common-anion rule [32] , the valence band offset is small between common-anion systems. However, the VBM of BeO is higher than that of MgO. This is because BeO shows strong covalency, resulting in the kinetic-energyinduced valence band broadening [34] . If we assume that Fig. 3 . We see that the Zn 0.75 Be 0.25 O alloy acts as a good barrier material for ZnO-based UV LEDs. The ∆E C and ∆E V have values of approximately 0.60 and 0.11 eV, respectively, which are large enough to strongly confine the electrons and holes well [35] . The quaternary alloy Zn 22 Mg 8 Be 2 O 32 has a CBM as low as that of ZnO, indicating that it can be n-type doped easily. By contrast p-type doping is more difficult due to the low VBM which is also confirmed by our study of p-type doping above. Based on these chemical behaviours, we can tailor the band offset to practically perform the band-engineering as desired. We hope that our results will be helpful for the applications of optoelectronic devices.
V. SUMMARY
We have investigated the band gap bowing parameters and p-type doping properties of (Zn, Mg, Be)O related random ternary and quaternary alloys using firstprinciples band-structure methods. The bowing parameters are large and dependent on composition for ZnBeO and MgBeO alloys due to their large size and chemical mismatch. We also show that the band gap of MgO will reduce on adding a small amount of Be into MgO. The acceptor transition energy level becomes shallower when N has more Be nearest neighbors, thus ZnBeO (Zn 0.75 Be 0.25 O) may be a good p-type material. The electronic and p-type doping properties of ZnMgBeO quaternary alloy lattice-matched to GaN substrate are also studied. According to our natural band alignment calculations, n-type doping of Zn 22 Mg 8 Be 2 O 32 should be easy due to the low CBM. We hope our conclusions have applications to optoelectronic devices.
